SUMMARY
The balance of force in a cylindrical tube (Oka-Azuma equation) indicates existence of a negative circumferential tension in the wall of blood vessels in vivo. However, we conventionally consider only a positive wall tension due to a positive transmural pressure in blood vessels. In this paper, the nature of such a negative circumferential tension in the vascular wall was reconsidered. The same type of negative tension or compressive force was shown to exist in any hollow and solid biological tissues placed in the atmospheric pressure. In living tissues, which have abundant water and are incompressible to external pressure, the compressive force by atmospheric pressure is simply the internal fluid pressure. The fluid pressure is a scalar and does not produce any effective net force vector. For this reason, there is no need to consider the compressive force component produced by the environmental pressure in the balance of force in living tissues.
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Circumferential tension Compression Thickwalled vessel External pressure Transmural pressure OKA1),2) and Oka and Azuma3) theoretically considered the balance of force in a blood vessel and found that the circumferential tension in a thick-walled blood vessel is usually negative, i.e., compressive. Azuma and Oka4) calculated circumferential tension and mean stress in blood vessels of various diameters and wall thicknesses and confirmed them to be usually compressive under physiological transmural pressures. However, Caro et al5) stated that the compressive forces generated in thick-walled vessels by atmospheric pressure are not very important in practice. Other recent books on biological mechanics6),7) do not touch upon such compressive forces.
This study reconsidered the nature of the state of compression in a vascular wall proposed by Oka and Azuma3) and found that such compression in waterabundant and incompressible biological tissues is simply a tissue fluid pressure. Pressure is a scalar and does not produce any effective net force vector. Therefore, the compression produced by the environmental pressure does not need to be considered in the balance of force in living tissues.
Theoretical background
In the following text, "force", "tension", and "stress" should be distinguished from "pressure".
"Force" is the generic term of the pulling, attracting, or pushing effect between two objects. "Tension" is a force working perpendicular to a unit length of an object. "Stress" is a force working perpendicular to a unit cross-sectional area of an object. Force, tension, and stress are often used interchangeably in physiology. In contrast, "pressure" is a force working perpendicular to a unit area of an actual or hypothetical surface of an object in contact with gas or liquid. Pressure is a scalar, i.e., working equally in all directions, whereas force, tension, and stress are vectors, i.e., working in specific directions. All objects to be considered are stationary with no acceleration. Gravitational force is neglected. Oka1),2) and Oka and Azuma3) considered the balance of force in a blood vessel, where absolute intraluminal pressure is pi, absolute extraluminal pressure is pe, and the circumferential wall tension is T, as shown in Fig. 1A . The absolute pressure stands for the pressure relative to the vacuum, not relative to the atmospheric pressure; the absolute value of the normal atmospheric pressure is 1atm. The circumferential tension is assumed to be positive if it is tensile, and negative if it is compressive.
Oka1),2) and Oka and Azuma3) considered the resultant forces acting on the outer and inner surfaces of the cylinder, as shown in Fig. 1B . They are given by 2repe and 2ripi, respectively, where re and ri are the outer and inner radii of the vessel. Then, they derived the following equation for the force equilibrium: 2repe+2T=2ripi or T=piri-pere.
(
Eq. 1 holds quite generally; it is valid whether the wall is homogeneous or inhomogeneous, whether the wall is isotropic or anisotropic, and whether the elasticity of the wall is Hookean or nonlinear.1)-3) Eq. 1 holds whether or not the material is a living tissue.
Oka and Azuma's interpretation Oka1),2) and Oka and Azuma,3) and Azuma and Oka4) applied Eq. 1 to actual conditions. i) When the wall is infinitely thin (re=ri=r), Eq. 1 reduces to
Eq. 2 is simply Laplace's law for a thin-walled tube.8) ii) When the internal pressure is equal to the external pressure (pi=pe=p), Eq. 1 reduces to T=p(ri-re) =-pd (3) where d is the wall thickness and is equal to re-ri. Eq. 3 indicates that T is always negative in the thick-walled cylinder placed in any positive atmospheric pressure. Oka,1),2) Oka and Azuma,3) and Azuma and Oka4) interpreted the negative T as indicating that "the blood vessel is actually in a state of compression instead of tension as a whole." iii) Based on Eq. 1, Azuma and Oka4) calculated T and mean stress (T/d) values of different vessels from the aorta via capillaries to the vena cava under the conditions of atmospheric external pressure and physiological intravascular blood pressure. Their results indicated that T and mean stress are generally negative, i.e., compressive, except in the aorta, large arteries, and the vena cava.
General responses
After deriving the same equation as Eq. 1, Fung9) did not discuss the possibility of compression in the vascular wall. Following the same equation as Eq. 1, Caro et al5) wrote "if the wall of a tube is thick enough, i.e. if re is greater than ri by a large enough amount, this tension can be negative, even when pi exceeds pe. In other words there is a compressive stress in the wall." However, they wrote "The fact that the underlying hoop stress may be compressive is not necessarily very important for the mechanical behavior of blood vessels in vivo. This is because in the circulation we normally wish to analyze small departures from some equilibrium state.... it is common to quote values of tension and pressure relative to a given equilibrium state, and to ignore the absolute values."5) More recently, Fung6),7) has discussed the balance of forces in a blood vessel, but neglected the compression in a thickwalled vessel placed in atmospheric pressure. Other investigators have referred to the Oka-Azuma equation,10)-13) without considering compression of the vascular wall. However, the rationale for ignoring the compression has not been fully developed.
New physiological interpretation None of the reports referring to Oka and Azuma's proposal3) provide con- shown in Figs. 3A and B . Thus, the tubular vascular segment is not a necessary condition for the compressive force given by the Oka-Azuma equation.
The compression by atmospheric pressure is not specific to a hollow tissue such as a blood vessel. It is general to any living tissue of any shape. ii) Two types of compression In a stationary fluid compressed by atmospheric pressure, equal pressures are working on any region of the fluid in all directions.
The net force vector on this fluid is zero. Therefore, the compression in a vascular wall by the atmospheric pressure is working not only in the circumferential direction but also equally in all other directions. This compression is substantially different in nature from the compression produced by a finite net force vector in a specific direction on the object. In tissue compressed by atmospheric pressure, the only force that can exist in the fluid is the fluid pressure because a force vector in the fluid causes flow until all fluid becomes stationary. There is no deformation of the tissue structure because of the incompressibility to pressure (Fig. 4A) . However, if the same living tissue is placed in a vacuum and manually compressed to the same compressive force at the same cross-section (Fig. 4A) , the force vector causes both tissue fluid compression and tissue deformation, which change the strain and stress conditions in the tissue structural materials (Fig. 4B) .
The difference between these 2 types of compression can be better visualized when the objects are cut in half (Figs. 4C and D) . In the pressure-compressed object (Fig. 4C) , the gradually increased cut-out cross-section is pressurized by the atmosphere and the compressive force through the gradually decreased remaining cross-section decreases although compressive mean stress remains unchanged. The completely separated two halves remain compressed by the atmospheric pressure, but the two halves are no more compressed against each other. The same situation holds in the case of Fig. 3B .
In contrast, the two halves of the manually compressed object is always pressed together while it is being cut into halves as shown in Fig. 4D or even after it has been cut. This discussion holds good regardless of the material of the object as in the case of Fig. 1 .
The substantial differences between these 2 types of compression provide the rationale for neglecting the compression generated by the atmospheric pressure in living tissues. It is therefore reasonable that we conventionally measure both active and passive forces of contractile and non-contractile tissues with respect to the zero force level, adjusted for an unloaded force transducer. This is standard practice for calculating myocardial forces. 15) iii) Biological effect of pressure Does the fluid pressure in contractile tissues affect their contractile properties? The contractile properties of muscle tissues have been studied under a wide range of fluid pressures. The rat diaphragm muscle showed an increase in force with a 1.5 fold increase in fluid pressure from 1 atm to 137 atm.16) A similar increase in force and a doubling of contraction time were observed when intact fish muscles were subjected to a fluid pressure rise to 400 atm.17) By contrast, glycerinated muscles displayed an 8% decrease in force with increases in fluid pressure to 100 atm.18) These data indicate that a fluid pressure change by 1 atm from the normal atmospheric pressure does not significantly affect contractile properties of living tissues, probably including blood vessels.
Final remarks Several points must be added to the discussion in the preceding sections. First, at steady state under a given atmospheric pressure, all dissolved gases in the tissue are equilibrated with atmospheric gases. When the tissue is rapidly decompressed by a lower atmospheric pressure, dissolved gases will form bubbles within the tissue, leading to Kaisson's disease and ebullism. However, only the equilibrium state was considered in our discussion. Second, only the total compressive force across the entire thickness of the wall of a tube or across an entire solid tissue has been considered.
The distribution of forces, tensions and stresses depends entirely on the degree of inhomogeneity and anisotropy of the material. Although compressive force per a cross-section is finite, tensions and stresses can vary among the layers and the sites in a cross-section.
Although the compressive force and mean stress are zero in the vacuum, there may be positive and negative stresses (residual stress) in different sites. A good example of this is the wide opening when a tubular segment of a blood vessel or a heart is longitudinally cut open.7)
A third point is that the fluid pressure in a tissue may not be equal at all sites because the tissue fluids are separated by cell membranes. Intracellular pressure will be higher than extracellular pressure when the myofibrils contract.19) A positive transsarcolemmal pressure is generated by the increased mechanical potential energy that reflects the deformation of the cell structure during shortening. 19) Moreover, tissue fluid pressures may vary from site to site.20) These issues were not considered.
To summarize, any solid or hollow object is compressed by atmospheric pressure. However, in aqueous living tissues, pressure-induced compression exists in the form of tissue fluid pressure.
Therefore, contractile forces can be measured without consideration of the pressure-induced compression.
